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False memories can arise from misattribution, suggestion, or bias, and are a normal part of everyday memory (Schacter 1999) . Examining these memory distortions can help us better understand normal memory and its reconstructive nature. False memories, although inaccurate, are often just as compelling as true memories. Subjective responses such as high confidence (Loftus et al. 1995; Roediger and McDermott 1995) , fast reaction times (Loftus et al. 1989 ), resilience to warnings (McDermott and Roediger 1998) , and claims that the memories are detailed recollections rather than simply familiar (Schacter et al. 1998 ) are remarkably similar for true and false memories. Behavioral evidence suggests, however, that true memories can be accompanied by the retrieval of greater sensory details than false memories (Johnson and Raye 1981; Norman and Schacter 1997) . Neuroimaging studies have begun to investigate the similarities and differences between true and false memories, with numerous studies observing differences in the sensory signatures for true and false memories (Schacter et al. 1996 Gonsalves and Paller 2000; Cabeza et al. 2001; Fabiani et al. 2001; Okado and Stark 2003; Schacter 2004, 2006) . Notably, as Schacter (2004, 2006) have argued, it may well be the case that early sensory regions exhibit differences in activity for true versus false memories, but that any information carried by this difference is not available to conscious recollection, and therefore is not a basis for explicit memory judgments.
In previous work (Okado and Stark 2005) , we used the misinformation paradigm to create false episodic memories in a setting that approximates real-world scenarios (Loftus et al. 1978) . Participants see a vignette and are later presented with new information about the vignette that contains misinformation. For example, they might see a man put a stolen wallet in his jacket pocket, but later be exposed to the false detail that he placed it in his pants pocket. Previous research demonstrated a role for successful versus unsuccessful encoding of the two separate presentations in determining whether a true or false memory would result (Okado and Stark 2005) . Consistent with the general memory literature, the activity in the medial temporal lobe during each of these encoding phases predicted whether the information from that phase would be remembered and incorporated into the memory for the vignette.
Here, we examined the retrieval phase, as the neural correlates of true and false retrieval in the misinformation task has not been explored. In so doing, we tested several aspects of the hypothesis put forth by Schacter (2004, 2006 ) that false memories would be dissociable from true memories at earlier but not later stages in perceptual processing, with early processing areas reflecting sensory traces for perceived events and later stages correlating with their conscious judgments.
To address this, we used the well-studied sensory reactivation phenomenon (Nyberg et al. 2000; Wheeler et al. 2000; Vaidya et al. 2002; Wheeler and Buckner 2003) . In typical studies, words are presented at study with either pictures of or sounds associated with the object. At test, when the word is presented for simple recognition or to recall whether a picture or sound was shown, fMRI activity increases in the visual or auditory cortex, respectively, reactivating the regions used during encoding.
In the present experiment, 25 participants (age 18 -40, righthanded, neurologically intact, fluent in English) were recruited from the Johns Hopkins University community and compensated for their time. The experiment consisted of four phases. In the first phase (Original Event; outside the scanner), each participant was shown 11 unique vignettes (see Okado and Stark 2005) , composed of 50 color images (3.5-sec duration, 0.5-sec ITI). Each vignette contained 12 critical slides that were later to be inaccurately described in the misinformation phase and six neutral slides that were later to be vaguely described in the misinformation phase. Two versions of each critical slide were developed to allow for appropriate counterbalancing. A day later, in the second phase (Misinformation), participants heard a recorded narrative that they were led to believe was an accurate description of the events seen the day before (one 3-sec sentence per slide). The majority of the sentences had descriptions that were entirely consistent with the corresponding slide. For the 12 critical slides in each vignette, however, the auditory descriptions were inaccurate.
For all six neutral slides in each vignette, the auditory descriptions were vague and not in full detail.
Approximately 15 min later, the participants were placed into the MRI scanner for the third phase, consisting of 24 recognition memory probes for each vignette. Here, a brief sentence was presented visually (7 sec, 0.5-sec ITI) that described a scene, and participants were asked: "Did you see this happening in the original event?" Yes/no responses were recorded with a response box. The 24 questions consisted of 12 directed at the critical events (seven describing the Misinformation version and five describing the Original Event version to slightly increase our opportunity to observe false memories), six directed at the consistent events (three target and three foil versions), and six directed at the neutral events (three target and three foil versions).
The fourth phase consisted of a surprise source memory test administered outside the scanner to give us a robust assessment of true and false memories. Participants were shown the recognition memory question again, along with their answer, and asked what the source was for their prior recognition memory response. Five options were given: "Remembered seeing it in the slides," "Remembered it was in both the slides and the narrative," "Remembered hearing it in the narrative," "Remembered seeing it in the slides but hearing a different description in the narrative," and "Could not remember and guessed."
The MRI data was collected on a Philips Gyroscan 3T MRI scanner using a whole-brain SENSE coil (SENSitivity Encoding) that reduces acquisition time and distortion due to magnetic susceptibility (Pruessmann et al. 1999 ). Thirty-five axial T2 *weighted echoplanar functional images were collected per volume (AC-PC alignment, TE ¼ 30 msec, flip angle ¼ 758, in-plane resolution ¼ 3 × 3 mm, thickness ¼ 3 mm plus a 1-mm interslice gap, TR ¼ 1.875 sec, four TR initial skip, 1056 vol in total). After the functional scans, a whole-brain 1-mm structural scan was acquired for anatomical localization.
fMRI data were analyzed using AFNI (Cox 1996) by first co-registering all volumes in 3D. Six vectors coding for the motion were used to censor time points corrupted by significant motion (.38 or 2 mm) from additional analyses. fMRI data from the 11 runs were concatenated and subjected to both whole-brain and restricted medial temporal lobe (MTL) analyses. In both, data were analyzed using a deconvolution technique based on multiple linear regression (3dDeconvolve) using behavioral vectors coding for the trial type. The sum of the resulting b coefficients corresponding to the expected hemodynamic response region ( 2 -11 sec) was taken as the model's estimate of the response to each trial type. Initial whole-brain spatial normalization of the structural and statistical data was done to the atlas of Talairach and Tournoux (1988) , and additional fine-tuning for the MTL analysis was done using ROI-LDDMM (Miller et al. 2005) . A 4-mm Gaussian blur was imposed and the data were resampled to 2.5-mm isotropic voxels in the process prior to group analyses. Both voxel-wise and cluster-size thresholds were used to establish a final a level of P , 0.05 for the two analyses (MTL analysis corrected for the smaller volume), correcting for multiple comparisons by using Monte Carlo simulation (AlphaSim).
Recognition memory performance is shown in Figure 1A , and demonstrates a clear misinformation effect. The Critical Hit rate (accurately responding "yes" to the recognition memory probe for a critical item when the Original Event version was shown) was 0.61 + 0.02. Of key interest are the Critical False Alarm (FA) rate (falsely responding "yes" to the recognition memory probe for a critical item when the Misinformation version was shown) and the Neutral FA rate (falsely responding "yes" to the recognition memory probe for an entirely unstudied neutral foil item). The Critical FA rate of 0.46 + 0.03 was significantly higher than the Neutral False Alarm rate of 0.27 + 0.02 (t (24) ¼ 10.6, P , 0.001), demonstrating a misinformation effect. Notably, it was also significantly higher than the 0.29 False Alarm rate to Consistent trials (t (24) ¼ 6.8; P , 0.001).
Data from the source memory task (Fig. 1B) were used to filter trials and isolate robust true and false memories (Zhu et al. 2010) by including only those Critical Hit (true) and FA (false) trials that were subsequently classified with the source response of "saw it in the slides." This was done to remove guesses and to provide a conservative way of characterizing true and false memories. It also gives us the cleanest contrast between them, as, in both conditions, participants only remember (or believe to remember) seeing the item. Fifty-five percent of the Critical Hits and 42% of the Critical FAs were so classified. These trials, believed to be the best representation of true and false memories, were used in the True versus False memory contrast in the fMRI data analysis. Reaction times to these two key trial types did not differ (P . 0.2). However, given this filtering, only 16 participants had sufficient trials for a meaningful analysis of the fMRI data (at least 10 trials in each condition) in this contrast.
The fMRI signals for these two trial types were contrasted to identify differences between true and false recognition (Fig. 2) . True memory was associated with greater activity than false memory in ostensibly early visual cortical regions (BA 17/18), including the striate cortex. One area included the left lingual gyrus and the cuneus and a second was in the cuneus. Additional activity was observed in the left inferior parietal lobule (BA 40), the left cingulate (BA 31), and the anterior cingulate. In contrast, false memory was associated with increased activity only in the left superior temporal gyrus (BA 22/42) of the auditory cortex. These results demonstrate that the manipulation of the misinformation paradigm was successful in engaging distinct sensory reactivation at time of retrieval for true and false recognition. True recollections based on visual information reactivated the visual cortex, whereas false recollections based on auditory information reactivated the auditory cortex. In addition, true recognition recruited more regions compared with false recognition, which may be indicative of more information recovery and processing associated with true memories when compared with false memories. Importantly, these results are consistent with the hypothesis put forth by Schacter (2004, 2006) that, at least for visual regions, it is only the early regions (BA 17/ 18) that distinguish true from false memories. We should note that these differences are based on averaging across multiple trials and participants, and that this does not imply that this could be used to distinguish true from false memories at finer levels of analysis. Figure 3 shows the result of contrasts between both true and false memories and a common baseline. In the first (Fig. 3, top) , Critical Hits were contrasted with Critical Correct Rejections (CR; filtered to remove guesses). Both represent accurate performance with no difference in reaction time (P . 0.05). Critical Hits were tied to correctly endorsing viewed items, and Critical CRs were tied to correctly identifying items that were only narrated. According to the sensory reactivation hypothesis, this should elicit activity in the visual cortex, as participants retrieve the image during Critical Hits but not during Critical CRs. Critical Hits were associated with increased activity in both early and later portions of the visual cortex. One region was located in the left lingual gyrus (BA 18, but outside of the cuneus/BA 17), and a second was located in the left middle occipital gyrus and middle temporal gyrus (BA 19 and BA 39). Thus, true recollections of visually based events were accompanied by greater visual activity compared with correct rejections of false, auditory-based events. In addition, frontal regions-including the anterior cingulate, left middle frontal gyrus, and right medial frontal gyrus-also showed significant differences, indicative perhaps of post-retrieval monitoring and evaluation of recovered information associated with true recognition (e.g., Hayama and Rugg 2009 ). In the MTL analysis, two MTL regions (the right hippocampus and left parahippocampal cortex) were also more engaged for Critical Hits compared with Critical CRs (consistent with numerous studies in the literature) (for review, see Wais 2008) . The reverse of this contrast showed greater activity for Critical CRs than Critical Hits in frontal regions (medial frontal gyrus and right superior frontal gyrus) and in the right inferior parietal lobe. These results raise the possibility of greater effortful post-retrieval processing in these regions associated with correct rejection of false, auditory-based events compared with true recognition.
When Critical FAs were contrasted with Critical CRs (Fig. 3,  bottom) , greater activity for the Critical FAs was observed in the auditory cortex, including the left superior temporal gyrus (BA 41/42/43 and BA 22) . Thus, false recollections of auditory-based events were accompanied by greater auditory activity compared with correct rejections of these same events. Activity in the right insula (BA 13) was observed as well. Similar to what we observed in the Critical Hits versus CR contrast, we again observed activity in the early visual cortex (just outside of the cuneus, BA17) within the left lingual gyrus (BA 18). Here, while inaccurate, participants believed they had seen a picture of the event. In the MTL analysis, the right hippocampus and left parahippocampal cortex were also more active for Critical FAs compared with Critical CRs. Thus, falsely retrieving a memory resulted in more MTL activity than an accurate correct rejection. As this contrast did not yield activity in the overall true versus false contrast (in which both conditions elicited an "old" response), concluding that the MTL differentiated true from false memories is not justified. Its activity was elevated when the participant mistakenly believed an item had been seen previously relative to when the participant believed the item to be entirely new or to have been only heard. We should note that several studies have observed MTL activity correlated with the actual old-new status rather than the perceived old-new status in even standard recognition memory tasks (Daselaar et al. 2006; Kirwan et al. 2009 ). In these, standard recognition memory tasks were used, and it is quite possible that the false alarms generated in these tasks are qualitatively different from the false alarms generated using the misinformation paradigm. If the false memories here are indeed richer than those in simple list-learning paradigms (as one might expect), and if true memories are richer than the false alarms used in these (e.g., confidence ratings in Kirwan et al. 2009 showed very few high-confidence responses for false alarms and many for hits), we might account for this discrepancy.
The reverse of this contrast showed significantly elevated activity for the Critical CRs relative to the Critical FAs in a corresponding area of the right visual cortex (lingual gyrus). The reason for the inversion of the effect in the right hemisphere is not entirely clear. One possibility is that, for CRs, the actual study item was retrieved (and judged to be only similar to the probe), and that this is richer (and hence more active) than for FAs (e.g., Gonsalves and Paller 2000; Okado and Stark 2003) . Alternatively, it is always possible that it is less related to the visual information per se, but driven more by the other aspects of the complex set of processes involved during challenging retrieval tasks (Gallo 2006) . Frontal regions-including the bilateral superior and middle frontal gyri, right inferior frontal gyrus, right medial frontal gyrus, and left anterior cingulate-also showed Figure 2 . Regions showing a difference in activity for true versus false memory (red ¼ T . F; blue ¼ F . T) during recognition memory testing. In the paradigm, true memories were retrievals of information that had been encoded visually, and false memories were of information that had been encoded auditorally. Numbers on each image indicate the inferior-superior location of the slice in Talairach coordinates, and the left side of the image corresponds to the left side of brain. significant differences, as did the right inferior parietal lobe. These results raise the possibility of greater effortful post-retrieval processing in these regions associated with correct rejection of false, auditory-based events compared with false recollections of these same events. Caution is warranted here, given the general problem of reverse inferences made on fMRI data (Poldrack 2008) .
Together, the contrasts with the baseline (Critical CR) condition are consistent with the observation by Schacter (2004, 2006) that activity for both true and false memories differs from some form of baseline in early and later portions of visual cortex. Here, the early region did not extend into the striate cortex, but was somewhat more anterior (BA 18). Our results extend their work, demonstrating the auditory cortex in what is likely both early (BA 41) and later (BA 22, BA 42, and BA 43) processing regions. As noted above, when comparing true and false memories directly, our results are also consistent with their work, demonstrating that in, the visual cortex, only the early regions (BA 17/ 18) distinguished true from false memories.
Overall, the results are consistent with the general view that memories are reconstructed by fragments of previously encoded pieces of information that are reactivated at the time of retrieval. The auditory cortex was reactivated during the retrieval of information encoded auditorally, even when this was falsely being judged as coming from a visually presented source. In the visual cortex, earlier, more posterior regions differentiated true from false, but later, more anterior regions did not. This report is the first time this finding has been observed in a misinformation task, a more real-world (albeit less experimentally tractable) method of investigating false memories.
